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Graphene was prepared and used as an adsorbent for removal of cationic red
X-GRL from aqueous solutions. The physico-chemical properties of graphene were char-
acterized by the transmission electron microscope (TEM), the Brunauer–Emmett–Teller
(BET) specific surface area measurement, atomic force microscope (AFM), and Raman
microscope. The adsorption properties of cationic red X-GRL onto graphene were stud-
ied as a function of pH, adsorbent dosage, contact time, and temperature. Kinetic data
were well fitted by a pseudo second-order model. Langmuir and Freundlich adsorption
models were applied to describe the isotherms and isotherm constants. Equilibrium data
agreed very well with the Langmuir model. Thermodynamic studies showed that the ad-
sorption was a spontaneous and endothermic process.
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Introduction

Wide use of dyes in industries such as textiles,
dyeing, electroplating, printing and tanneries leads
to large amounts of dye-containing wastewater to
be discharged into the environment.1 Dyes are toxic
to human health through their ingestion and to
aquatic organisms through both absorption and re-
flection of sunlight entering the water. Most dyes
are non-biodegradable in nature and stable to light
and oxidation.2 Therefore, excessive dyes should be
reduced to a tolerable level before being discharged
into drainage systems.

Various physicochemical methods such as co-
agulation,3 flocculation,4 biodegradation,5 advanced
oxidation,6,7 ultrafiltration,8 and adsorption9–11 have
been applied to remove dyes from aqueous solu-
tions. Among them, adsorption has gained in-
creased attention in removing dyes from aqueous
solutions due to its simplicity, high efficiency,
minimization of chemical sludge, and regeneration
of adsorbents. Carbonaceous materials such as acti-
vated carbon,13 carbon nanotubes14 and their com-
posites15 are the most commonly used dye

adsorbents and show excellent dye adsorption capa-
bilities.

Graphene, a new carbon nanomaterial, has
unique physical, chemical, electrical and mechani-
cal properties16–19 and is suitable for preparing
nanodevices and advanced composite materials.20–22

Recently, graphene and graphene oxide were used
as adsorbents to remove methyl orange,23 naphtha-
lene,24 1-naphthol,25 arsenic,26 fluoride,27 Hg2+,
Pb2+, Cd2+, and Cu2+ from aqueous solutions, and
showed high adsorption capacities and fast adsorp-
tion rates.28–31 To our knowledge, no investigation
has been carried on using graphene as an adsorbent
to remove cationic red X-GRL from aqueous solu-
tions.

Therefore, the objective of this work was to
fully investigate the adsorption behavior of cationic
red X-GRL adsorbed by graphene. Cationic Red
X-GRL, an azo-dye, was selected for the study be-
cause it is toxic, non-biodegradable, and widely
used in industries. The influences of parameters
such as pH, adsorbent dosage, contact time, and
temperature were investigated to increase our un-
derstanding of the dye adsorption properties of
graphene. Adsorption isotherm, kinetic and thermo-
dynamic studies were carried out to explain the ad-
sorption mechanism.
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Experimental

Materials

Graphene oxide was prepared from expandable
graphite (Henglide Graphite Co.,Ltd, China) by the
modified Hummers’ method.32 3 g graphene oxide
was dispersed into 1500 mL deionized water and
homogeneously scattered by ultrasonic treatment
for 30 min. 200 mL hydrazine hydrate solution
(30 %) was added into graphene oxide solution.
Then the mixture was sealed and heated at 110 °C
for 12 h. As the solution pH reached 6.5 after rins-
ing with deionized water, graphene was filtrated,
dried, and stored for further use. Cationic red
X-GRL (molecular mass: 356.84 g mol–1) was puri-
fied from industrial cationic red X-GRL by extrac-
tion with methanol recrystallization method at
50 °C and its molecular structure was shown in Fig.
1. All other reagents were obtained from Sinopharm
Chemical Reagent Co.Ltd, China.

Characterization of graphene

The morphology and structure of graphene was
characterized by TEM (JEM-2100F). The BET spe-
cific surface area and pore size of graphene were
determined from the N2 adsorption at –196 °C us-
ing a Micrometric ASAP 2000 system. Atomic
force microscopic (AFM) images were recorded
with a Nanoscope IIIa scanning probe microscope
(Digital Instruments). Raman spectroscopy was per-
formed with a Renishaw RM2000 Raman micro-
scope.

Batch adsorption experiments

Adsorption experiments were conducted by
batch method in stoppered glass conical flasks.
Stock solutions (1000 mg L–1) were prepared by
dissolving cationic red X-GRL in deionized water.
For each time 0.05 g graphene and 100 mL cationic
red X-GRL solution were mixed in a flask and then
shaken in a thermostat shaker at 150 rpm and room
temperature (288 K).

In adsorption isotherm studies, solutions with
initial concentrations from 20–140 mg L–1 with a
step size of 20 mg L–1 were added, the pH was not

adjusted, and the equilibrium time was set as 24 h
to make adsorption reach equilibrium completely.
Samples were separated by filtration and cationic
red X-GRL concentrations were analyzed by a
UV-visible spectrophotometer (TU-1810, Beijing
Purkinje Co., Ltd) at �max 532 nm. Each experiment
was repeated 3 times under identical conditions. The
uptake of the adsorbate at equilibrium, qe (mg g–1),
was calculated by:
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where �0 and �e were initial and equilibrium con-
centrations of cationic red X-GRL (mg L–1), respec-
tively, m was the mass of adsorbent (g) and V was
volume of the solution (L).

The effect of initial pH on cationic red X-GRL
adsorption by graphene was conducted in a pH
range of 1.9–10.2. The solution pH was adjusted
by adding appropriate concentrations of HNO3 or
NaOH solutions. For every experiment, 100 mL
of the solutions with cationic red X-GRL concen-
trations of 40 and 80 mg L–1 were mixed with
0.05 g of graphene. Experiments were conducted at
288 K, samples were separated and analyzed after
24 h.

The kinetic studies were performed following a
similar procedure at 288 K. The solution pH was
not adjusted, the initial concentrations of cationic
red X-GRL were set as 40 and 80 mg L–1, espectively.
The samples were separated at predetermined time
intervals. The amount of uptake at time t, qt (mg g–1),
was calculated by:

q
m

Vt

t
�

��

�
�

�

	



� �0
(2)

where �t (mg L–1) is the concentration of fluoride
ions at indicated time.

To evaluate the thermodynamic properties,
0.05 g graphene were added into 100 mL solutions
with initial fluoride concentrations ranging from 20
to 140 mg L–1 at a step size of 20 mg L–1. The solu-
tion pH was not adjusted. The samples were shaken
at 288, 313, and 333 K, respectively, then separated
and measured after 24 h.

In order to investigate the regeneration prop-
erty, graphene after cationic red X-GRL adsorption
was collected and washed several times with
deionized water and dried at 323 K. Then, the sam-
ple was heated at 673 K under H2 and N2 atmo-
sphere for 30 min. to burn the chemicals away. The
regenerated graphene was used to conduct the ad-
sorption experiments again to test the recycling
property of graphene.
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F i g . 1 – Structural formula of cationic red X-GRL



Results and discussion

Characterizations of graphene

The structure of graphene was characterized by
TEM and shown in Fig. 2. It can be seen that
graphene nanosheet is transparent and has clearly
flake-like shape. BET analysis shows that the spe-
cific surface area of graphene is 305.8 m2 g–1. The
average pore size (4V/A by BET) of graphene is
3.63 nm, suggesting that graphene is a mesopore
material.

From AFM image (Fig. 3a), large graphene
sheets are observed. The cross-sectional analysis in-
dicates that the average thickness of graphene is
about 1.4 nm (Fig. 3b), indicating that graphene
sheets have single or two layers.

Fig. 4 shows Raman spectrum of the graphene.
The G peak at 1583 cm–1 represents the E2g in-plane
vibrational modes. The single and sharp 2D peak
appears at 2688 cm–1. The higher intensity of the
2D peak than the G peak indicates the presence of
monolayer grapheme.33

Effect of pH

The pH of the solution is one of the most im-
portant parameters to affect the adsorption property
of an adsorbent in that it governs the degree of ion-
ization of adsorbate and surface charge of the ad-
sorbent.34 Fig. 5 illustrates the effect of the pH of
the solution on the adsorption capacity of cationic
red X-GRL adsorbed by graphene. It is evident that
increasing solution pH significantly increases
the adsorption capacity in the pH range from 1.9 to
6.0. The adsorption capacity correspondingly in-
creases from 72.31 and 135.02 mg g–1 to 79.85 and
158.70 mg g–1, respectively, or initial cationic red
X-GRL concentrations of 40 and 80 mg L–1. At
pH = 1.9, the surface charge of graphene is positive
and the H+ ion concentration in solution is high,

competition between H+ and cationic red X-GRL
reduces the adsorbent-adsorbate interaction. There-
fore, graphene has the lower adsorption capacity.
Increasing solution pH increases the number of
hydroxyl groups and negatively charged sites, and
the attraction between dye and adsorbent surface,35

thus, adsorption increases with the increase of pH.
At pH >5.5 (pHIEP), graphene surface is negatively
charged and the surface functional groups on

Y. H. LI et al., Adsorption of Cationic Red X-GRL from Aqueous Solutions by …, Chem. Biochem. Eng. Q. 25 (4) 483–491 (2011) 485

F i g . 2 – TEM image of graphene

F i g . 3 – AFM images of graphene

F i g . 4 – Raman spectrum of graphene



graphene are deprotonated, which results in a de-
crease in surface charge density and an enhance-
ment of the adsorption of cationic red X-GRL.36

Graphene is a two-dimensional carbon nano-
sheet with a single layer of carbon atoms arranged
in a honeycomb lattice. For each carbon atom on
the lattice, three of the four outer electrons strongly
bond with its neighboring atoms by � orbitals and
each carbon atom has a 
 electron orbit perpen-
dicular to graphene surface, so cationic red X-GRL
containing 
 electrons, can form 
-
 bonds with
graphene and be easily adsorbed by graphene.37

Effect of dosage

The effect of adsorbent dosage on the adsorp-
tion capacity of cationic red X-GRL by graphene
was shown in Fig. 6. It can be seen that the adsorp-
tion capacity of cationic red X-GRL by graphene
decreases with increasing dosage. At lower dosage,
graphene is separated and dispersed completely in
dilute suspensions, all active sites are entirely ex-

posed and the adsorption on the surface is saturated
faster, resulting in a higher qe value. While at
higher dosage, high graphene dosage may increase
the viscosity and inhibit the diffusion of dye mole-
cules to the surface of graphene.38 At the same time,
only parts of active sites are occupied by dye mole-
cules, leading to a lower qe value. At the same dos-
age, higher cationic red X-GRL concentration in-
creases the diffusion driving force of dye molecules
to transfer in the pores in the adsorbent and raises
the contact probability of dye molecules between
the aqueous and solid phases, which results in the
higher adsorption capacity.

Effect of contact time

The effect of contact time on the removal of
cationic red X-GRL by graphene was studied and
shown in Fig. 7. A rather fast uptake occurs during
the first 3 h of the adsorption process followed by a
slower stage as the adsorbed amount of dyes
reaches its equilibrium value. The rapid adsorption
at the initial contact time is due to the availability
of the negatively charged surface of graphene
which led to fast electrostatic adsorption of cationic
red X-GRL from the solution. When the adsorption
of the exterior surface reached saturation, the di-
minishing availability of the remaining active sites
and long range diffusion of the dye molecules en-
tered onto the interior pores of the adsorbent parti-
cles make it take a long time to reach equilibrium.
Thus, the adsorption rate becomes slower. The
equilibrium was found to be nearly 10 h when the
maximum dye adsorption capacity was reached.

Kinetics analysis

The adsorption of adsorbate by an adsorbent in
aqueous solution is a phenomenon with complex
kinetics. The adsorption rate is strongly influen-
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F i g . 5 – The effect of pH on cationic red X-GRL adsorbed
by graphene, the error bar represents the standard
deviations (n = 3)

F i g . 6 – The effect of dosage on cationic red X-GRL ad-
sorbed by graphene, the error bar represents the
standard deviations (n = 3)

F i g . 7 – The effect of contact time on cationic red X-GRL
adsorbed by graphene, the error bar represents
the standard deviations (n = 3)



ced by the surface state of the adsorbent and the
physico-chemical conditions under which adsorp-
tion were carried out. In order to investigate the po-
tential rate controlling steps such as chemical reac-
tion, diffusion control and mass transport processes,
four kinetic models, namely, pseudo-first-order,
pseudo-second-order, Elovich, and intra-particle
diffusion models were analyzed.

The pseudo-first-order equation is expressed as
follows:39

log ( ) log
.

q q q
k

te t e

l
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where kl is the Lagergren rate constant of adsorp-
tion (min–1). The plot of log (qe – qt) vs. t should
give a linear relationship from which k1 and qe are
determined from the slope and intercept of plot, re-
spectively.

Plots of log (qe – qt) vs. t are shown in Fig. 8a.
The values of k1 and qe were determined from
the slope and intercept of linear fitting and listed
in Table 1. The lower determination coefficients
(R2 � 0.8775) suggest that the pseudo-first-order
model does not fit well with the experimental data.

The pseudo-second-order model can be repre-
sented by the following linear form:40
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where k2 is the pseudo-second-order rate constant
of adsorption (g mg–1 min–1). The slope and inter-
cept of the plot of t/qt vs. t. (Fig. 8b) were used to
calculated the values of qe and k2 (Table 1).

The determination coefficients of all examined
data were found very high (R2 � 0.9981). This indi-
cates that the model can be applied for the entire
adsorption process and confirms that the adsorption
of cationic red X-GRL onto graphene follows the
pseudo-second-order kinetic model, indicating that
the nature of adsorption is a chemical controlling
process.41

The Elovich model is presented by the follow-
ing equation:42

q tt � �
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F i g . 8 – Kinetic analysis of cationic red X-GRL adsorbed by graphene: (a) pseudo-first-order model, (b) pseudo-second-order
model, (c) Elovich model, and (d) intra-particle diffusion model



where � is the initial adsorption rate (mg g–1 min–1)
and � desorption constant (g mg–1). The slope and
intercept of the plots of qt vs. lnt were used to cal-
culate the values of the constants � and � (Table 1).
The values of the determination coefficients ob-
tained from the linear plot of Elovich (Fig. 8c)
models are not high (R2 � 0.9765), suggesting that
the applicability of this model to describe the
adsorption processes of cationic red X-GRL onto
graphene is unfeasible.

The adsorption mechanism of adsorbate onto
adsorbent follows three steps: (1) transport of ad-
sorbate from the boundary film to the external sur-
face of the adsorbent; (2) adsorption at a site on the
surface; (3) intra-particle diffusion of the adsorbate
molecules to an adsorption site by a pore diffusion
process. The slowest of the three steps controls the
overall rate of the process. In this study, the adsorp-
tion of dye onto graphene takes a long contact time
to reach equilibrium. Therefore, it is proposed that
the rate of adsorption is governed by the intra-parti-
cle diffusion in the pore structure. Weber and Mor-
ris model is a widely used intra-particle diffusion
model to predict the rate controlling step.43 The rate
constants of intra-particle diffusion (kid) at the stage
i were determined using the following equation:

q k t Ct id i� �1 2/ (6)

where qt is the amount of adsorbed dye at time t, t1/2

is the square root of the time, Ci is the intercept at
stage i. The value of Ci is related to the thickness

of the boundary layer. The larger Ci represents the
greater effect of the boundary layer on molecule
diffusion. The plots of qt versus t1/2 at different ini-
tial dye concentrations show multilinearity charac-
terizations (Fig. 8d), indicating that two steps oc-
curred in the adsorption process. The intra-particle
diffusion parameters and the determination coeffi-
cients are summarized in Table 1. The first sharp
section is the external surface adsorption or instan-
taneous adsorption stage. The second subdued
portion is the gradual adsorption stage, where
intra-particle diffusion is rate-controlled. The larger
slopes of the first sharp sections indicate that the
rate of cationic red X-GRL removal is higher at the
beginning stage due to the instantaneous availabil-
ity of large surface area and active adsorption sites.
The lower slopes of the second subdued portion are
due to the fact that the decreased concentration gra-
dients cause dye molecule diffusion in the micro-
pores of adsorbent to take a long time, thus leading
to a low removal rate.

Adsorption isotherms

Equilibrium study on adsorption provides in-
formation on the capacity of the adsorbent. An ad-
sorption isotherm is characterized by certain con-
stant values, which express the surface properties
and affinity of the adsorbent, and could also be used
to compare the adsorptive capacities of the adsor-
bent for different pollutants. The adsorption isotherms
of cationic red X-GRL onto graphene were studied
at 288, 313 and 333 K, and the results are presented
in Fig. 9a. The results reveal that the dye adsorption
capacity increases with increasing temperature from
288 to 333 K. This may be because the increase in
temperature can increase the mobility of the dye
molecules as well as produce a swelling effect
within the internal structure of graphene, thus en-
abling the dye molecules to enter into micropores.44

Moreover, the increase in temperature may decrease
the thickness of the boundary layer surrounding the
adsorbents, thus, decrease the mass transfer resis-
tance of adsorbate in the boundary layer.45

Equilibrium data can be analyzed using the
Freundlich and Langmuir models. The Freundlich
model is an empirical equation based on sorption
on heterogeneous surface through a multilayer ad-
sorption mechanism.45 The linearized form of the
Freundlich equation is given as:

ln ln lnq k
n

Ce F e� �
1

(7)

where kF is the constant indicative of the relative
adsorption capacity of the adsorbent and 1/n is the
constant indicative of the adsorption intensity. The
values of kF and n were calculated by plotting ln qe
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T a b l e 1
– Parameters of four kinds of kinetic models

Kinetic model Parameters

Values

40
(mg L–1)

80
(mg L–1)

Pseudo-first-order

qe (mg g–1) 125.14 310.60

k1 (min–1) · 10–3 18.88 19.81

R2 0.8669 0.8775

Pseudo-second-
-order

qe (mg g–1) 80.03 172.41

K2 (g mg–1 min–1) · 10–3 0.29 0.8

R2 0.9993 0.9981

Elovich

� 7.33 6.65

�·10–3 32.99 71.54

R2 0.9527 0.9765

Intra-particle
diffusion

kI 5.511 8.60 · 10–3

R2 0.9897 0.9957

kII 9.70 25.00·10–3

R2 0.9833 0.9972



vs. ln Ce and are listed in Table 2. The lower deter-
mination coefficients R2 (R2 < 0.9426) indicate that
the adsorption data cannot be fitted by the Freund-
lich model well.

The Langmuir model is based on the fact that
uptake of dye molecules occurs on a homogeneous
surface by monolayer adsorption with no interac-
tion between adsorbed molecules, with homoge-
neous binding sites, equivalent sorption energies,
and no interaction between adsorbed species. Its
mathematical form is written as:47

C

q

C

q q k
e

e

e

L

� �
max max

1
(8)

where qmax is the maximum adsorption capacity cor-
responding to complete monolayer coverage (mg g–1)
and kL is a constant indirectly related to adsorption
capacity and energy of adsorption (L mg–1), which
characterizes the affinity of the adsorbate with the
adsorbent. The slope and intercept of the plots of
Ce/qe vs. Ce are used to calculate the values of the
constants qmax and kL.

The good fit of the experimental data and the
determination coefficients higher than 0.9966 (Ta-
ble 2) indicated the applicability of the Langmuir
isotherm model. The calculated saturated adsorp-
tion capacity reaches 217.39 mg g–1 at 288 K.

The essential characteristics of Langmuir dimen-
sionless constant separation factor, RL, which is
given by:

R
k CL

L

�
�

1

1 0

(9)

where kL (L mg–1) is the Langmuir constant and C0

(mg L–1) is the initial dye concentration. The value
of RL indicates the shape of the isotherm to be ei-
ther unfavorable (RL > 1), linear (RL = 1), favorable
(0 < RL < 1) or irreversible (RL = 0).48 The RL values
between 0 and 1 indicate favorable adsorption. In
the present study, the calculated values of RL are
observed to be in the range 0.0032–0.0234 at all
studied temperatures, indicating that the adsorption
of cationic red X-GRL onto graphene is favorable.

Adsorption thermodynamic study

Thermodynamic parameters are usually used to
determine the adsorption nature. The standard free
energy change, enthalpy change and entropy change
were calculated to evaluate the thermodynamic fea-
sibility and the spontaneous nature of the adsorp-
tion process in the present studies. Thermodynamic
parameters can be calculated from the variation of
the thermodynamic equilibrium constant K0 with
the change in temperature.49 For adsorption reac-
tions, K0 is defined as follows:

K
a
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e
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F i g . 9 – (a) Temperature effect on cationic red X-GRL ad-
sorbed by graphene. The error bar represents the standard de-
viations (n = 3), (b) plots of lnCs/Ce vs. Cs for calculation of
thermodynamic parameters.

T a b l e 2
– Parameters of Freundlich and Langmuir adsorption isotherm models for cationic red X-GRL adsorbed by graphene

Temperature
(K)

Freundlich Langmuir

n kF R2 qmax kL R2

288 4.59 118.99 0.9218 217.39 2.09 0.9988

313 4.52 128.05 0.9426 227.27 2.12 0.9974

333 4.37 134.65 0.9249 238.10 2.21 0.9966



where as is the activity of adsorbed dye, ae is the ac-
tivity of dye in solution at equilibrium, Cs is the
amount of dye adsorbed by per mass of graphene
(mmol g–1), vs is the activity coefficient of the ad-
sorbed dye and ve is the activity coefficient of dye
in solution. As dye concentration in the solution de-
creases and approaches zero, K0 can be obtained by
plotting ln (Cs/Ce) vs. Cs and extrapolating Cs to
zero (Fig. 9b).49 A linear regression analysis finds
that the straight line fits the data well, the values of
K0 are obtained from the straight line intercept with
the vertical axis. The calculated values of K0 at tem-
peratures of 288, 313, and 333 K are 9.78, 9.23, and
9.07, respectively (Table 3).

The average standard enthalpy change (�H0) is
obtained from Van’t Hoof equation:

ln ( ) ln ( )K T K T
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where T3 and T1 are two different temperatures. The
calculated value of �H0 is 2568.34 J mol–1.

The adsorption standard free energy changes
(�G0) can be calculated according to:

�G RT K0
0� � ln (12)

where R is the universal gas constant (8.314 J K–1 mol–1)
and T is the temperature in Kelvin. The standard en-
tropy change (�S0) can be obtained by:

�
� �

S
G H

T
0

0 0

� �
�

(13)

The thermodynamic parameters are listed in
Table 3. Positive values of �H0 suggests that the in-
teraction of fluoride adsorbed by graphene is an en-
dothermic process, which is supported by the in-
creasing adsorption of fluoride with the increase in
temperature. The negative values of �G0 reveal the
fact that the adsorption process was spontaneous.
The positive values of �S0 indicate increased ran-
domness at the adsorbent/solution interface during
the adsorption of fluoride onto graphene.50

Recycling experiments

The repeated availability is an important factor
for an advanced adsorbent, which could signifi-
cantly reduce the overall cost of the adsorbent. The
regeneration experiments show that graphene can
be effectively regenerated through heat treatment at
673 K under H2 and N2 atmosphere. The adsorption
capacity of the regenerated graphene has no obvi-
ous change compared with the as-grown graphene,
indicating that graphene could be employed repeat-
edly in dye adsorption.

Conclusions

Graphene has been successfully prepared using
a modified Hummers’ method. The specific surface
area and pore diameter of graphene were 305.8 m2 g–1

and 3.63 nm. The equilibrium data followed the
Langmuir model, showing the maximum monolayer
adsorption capacity of 317.39 mg g–1 at 288 K. The
adsorption kinetics were found to be best repre-
sented by the pseudo-second-order kinetic model.
The mechanism of the adsorption process was ex-
plained from the intra-particle diffusion model. The
negative �G0 and the positive �H0 indicated the
spontaneous and endothermic nature of the adsorp-
tion.
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N o m e n c l a t u r e

Ci � intercept of intra-particle diffusion at stage i
�G0 � standard free energy change, J mol–1

�H0 � average standard enthalpy change, J mol–1

K0 � thermodynamic equilibrium constant

kl � Lagergren rate constant of adsorption, min–1

k2 � pseudo-second-order rate constant of adsorption,
g mg–1 min–1

kF � constant of the Freundlich equation

kid � rate constants of intra-particle diffusion at the
stage i

kL � constant of the Langmuir equation, L mg–1

m � mass of graphene added during adsorption pro-
cess, g

n � constant of the Freundlich equation
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T a b l e 3
– Thermodynamic parameters for cationic red

X-GRL adsorbed by graphene

Thermodynamic
constant

Temperature (K)

288 313 333

K0 9.78 9.23 9.07

�G0 (J mol–1) –5445.43 –5805.32 –6127.67

�H0 (J mol–1) 2568.34 2568.34 2568.34

�S0 (J mol–1 K–1) 27.85 26.75 26.12



qe � adsorption amount per mass of graphene at
equilibrium, mg g–1

qs � adsorption amount per mass of graphene, mmol g–1

qt � adsorption amount per mass of graphene at time t,
mg g–1

R � universal gas constant, 8.314 J K–1 mol–1

RL � parameter relate to the shape of the Langmuir
equation

�S0 � standard entropy change, J mol–1 K–1

t � adsorption time, min

V � volume of solution, L

ve � activity coefficient of dye in solution

vs � activity coefficient of the adsorbed dye

� � initial adsorption rate of the Elovich model,
mg g–1 min–1

ae � activity of dye in solution at equilibrium

as � activity of adsorbed dye

� � desorption constant of the Elovich model, g mg–1

�0 � initial concentration of cationic red X-GRL,
mg L–1

�e � concentration of cationic red X-GRL at equilib-
rium, mg L–1

�t � concentration of cationic red X-GRL at time t,
mg L–1
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